Background/Aims: The ataxia-telangiectasia mutated (ATM) protein kinase is critical for the maintenance of genomic stability and acts as tumor suppressor. Although evidence shows that a DNA damage-independent ATM (oxidized ATM) may be involved in cancer progression, the underlying mechanism is still unclear. Methods: Immunohistochemistry, immunofluorescence and western blotting were applied to detect the levels of oxidized ATM. Transwell assay was used to detect the cell migration and invasion abilities in different treatments. Quantitative phosphoproteome analysis was performed using hypoxic BT549 cells, in the presence or absence of Ku60019, a specific inhibitor of ATM kinase. The phosphorylated cortactin, the target protein of oxidized ATM, was confirmed by immunoprecipitation-western blots and in vitro kinase assay. The functions of phosphorylated cortactin were studied by specific short hairpin RNA, site-directed mutation, transwell assay, and actin polymerization assay. Results: Enhanced oxidized ATM proteins were present not only in the advanced and invasive breast tumor tissues but also malignant hypoxic breast cancer cells, in the absence of DNA damage. Loss of ATM expression or inhibiting oxidized ATM kinase activity reduced breast cancer cell migration and invasion. Using quantitative phosphoproteomics approach, 333 oxidized ATM target proteins were identified, some of these proteins govern key signaling associated with gap junction, focal adhesion, actin cytoskeleton rearrangement. Cortactin, one of the
ATM-Mediated Phosphorylation of Cortactin Involved in Actin Polymerization Promotes Breast Cancer Cells Migration and Invasion
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Introduction
Breast cancer is the second leading cause of cancer death in women worldwide. In breast cancer patients diagnosed with distant metastasis, however, the 5-year survival rate is less than 33% [1] . Like most solid tumors, tumor invasion and metastasis are the major causes of high mortality rate of breast cancer. Interestingly, a common feature of most solid tumors is low-oxygen tension or hypoxia [2] . Hypoxia is strongly associated with tumor cell proliferation, survival, metabolism, metastasis and angiogenesis [3] [4] [5] . It is also related to drug resistance and is considered as an independent poor prognostic indicator in various tumor types [6] [7] [8] . However, the molecular mechanisms of hypoxia accelerating breast cancer cell migration and invasion are still obscure.
Ataxia Telangiectasia (A-T) is a rare, human, recessive genetic disorder, involving complex multisystem defects characterized by cerebellar neurodegeneration, immunological abnormalities and an increased predisposition to cancer [9] , caused by mutations in the ATM (Ataxia Telangiectasia mutated) gene. ATM kinase plays a critical role in DNA damage response (DDR) and the maintenance of genomic stability [10] . ATM is rapidly activated in response to DNA double-strand breaks (DSBs) by phosphorylating lots of key proteins, and is associated with cancer suppression [11] . However, this is just one aspect of ATM's function. Over the past few years, evidence shows that ATM is part of several signaling pathways, including cell growth [12] and metabolism [13] , protein synthesis [14] , autophagy [15] , glucose uptake [16] and mitophagy [17] , which are significantly activated in cancer cells. Stagni V et al. also demonstrated a tumorigenic role of ATM in breast cancer progression [18] . Furthermore, ATM kinase can also be activated by hypoxia in the absence of DNA damage, independent of Mre11-Rad50-NBS1 (MRN) complex from DSBs [19] , which can thus be called DNA damageindependent ATM or oxidized ATM in these cases. However, the substrates of oxidized ATM following hypoxia-mediated activation and their associated signaling remain unknown.
The cortactin protein is encoded by CTTN gene, located at the 11q13 of chromosome 11. Cortactin is frequently overexpressed in advanced and invasive cancers [20] . Cortactin has many different functions including cytoskeleton rearrangement, cell motility, tumor cell invasion and metastasis [21] . Cortactin is also a phosphorylated protein that is originally identified as a substrate for Src tyrosine kinase [22] . In particular, the phosphorylation of Tyr residue in cortactin is required for cancer cell migration and metastasis [23, 24] . Recent studies showed that cortactin can also be phosphorylated by serine/threonine kinase extracellular regulated kinase 1/2 (ERK1/2), p21 activated kinase 1 (PAK1) and protein kinase D (PKD) [25] [26] [27] . In addition, only a few of the novel phosphorylation sites of cortactin protein have been identified [28] , but the regulatory kinase and functions of those novel sites are still unclear.
In this research, we demonstrated a novel mechanism of breast cancer cell migration and invasion regulated by hypoxia-mediated ATM activation. Hypoxia can activate ATM independent of DNA DSBs (oxidized ATM) in pro-migration and invasion of breast cancer cells. Using quantitative phosphoproteome analysis, a vast number of oxidized ATM targets, including cortactin, were identified. These changed phosphorylated proteins may be involved in regulating actin cytoskeleton signaling. Furthermore, oxidized ATM phosphorylated cortactin on serine 113 is involved in Arp2/3 complex-mediated actin polymerization to promote breast cancer cells migration and invasion. 
Materials and Methods

Tissue samples
Human breast tumor tissues and their corresponding normal breast tissues were collected from patients with breast tumor undergoing surgery at the first affiliated hospital of Chongqing Medical University. None of the patients had previously received radiotherapy or chemotherapy treatment. The investigation was approved by the ethics committee of Chongqing Medical University.
Cell culture, treatments and transfections
Human breast cancer cell lines BT549 and MDA-MB-231 were obtained from ATCC. BT549, MDA-MB-231 and 293T cells were cultured in RPMI-1640 medium (Gibco) or Dulbecco's Modified Eagle's Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), separately. All cells were incubated in a humidified atmosphere of 5% CO 2 at 37°C. Hypoxia treatments of cells were performed in a tri-gas incubator (Thermo, USA) flushed with a gas mixture of 1% O 2 , 5% CO 2 and 94% nitrogen. For treatment of Ku60019 (S1570, Selleck Chemicals), an specific oxidized ATM inhibitor, cells were grown to approximately 60% confluence, the culture medium was replaced by fresh medium containing 1 µM, 3µM, 5µM Ku60019 or vehicle for 6 hours. The transfections of the indicated plasmids into cells were performed as described previously [29] .
shRNA and plasmids
The lentivirus expression vector of ATM, cortactin shRNA and its infective lentivirus were obtained from GenePharma (Shanghai, China). The target sequences for ATM, cortactin, and negative control shRNA sequences are listed in Supplementary Table 1 (For all supplemental material see www.karger. com/10.1159/000496048/). pcDNA-Flag-CTTN, pCMV-CTTN (WT), pCMV-CTTN mutant (S113A and S113D) constructs were generated by GenePharma (Shanghai, China), and the sequences of resulting mutant cortactin were verified by direct sequencing. The pcDNA3-Flag-ATM construct was obtained from Addgene.
RNA extraction and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using Trizol (Invitrogen), following the manufacturer's instructions. The purified RNA was subjected to reverse transcription reactions using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). qRT-PCR assay was performed using SYBR Premix Ex Taq II (TaKaRa, Dalian, China) according to the manufacturer's instructions. β-actin was used as internal reference gene. The used primers in qRT-PCR are listed in Supplementary Table 1. Relative gene expression was measured as 2 Ct (internal control)-Ct (gene) . All experiments were performed at least 3 times.
Western blot analysis and immunoprecipitation (IP)
Western blotting assays and immunoprecipitation were performed as described previously [30] . The specific primary antibodies used are: ATM rabbit monoclonal antibody (2873, CST, 1:1000), p-ATM (s1981) rabbit monoclonal antibody (5883, CST, 1:1000), AKT rabbit monoclonal antibody (4685, CST, 1:1000), p-AKT (s473) mouse monoclonal antibody (12694, CST, 1:1000), γ-H2AX (s139) rabbit monoclonal antibody (9718, CST, 1:1000), β-Actin mouse monoclonal antibody (AA128, Beyotime, 1:1000), ARP3 rabbit monoclonal antibody (4738, CST, 1:1000), cortactin rabbit monoclonal antibody (3503, CST, WB:1:1000, IP:1:100), p-ATM/ATR Substrate Motif [(pS/pT) QG] MultiMab™ rabbit monoclonal antibody mix (6966, CST, WB:1:1000, IP:1:100), p-cortactin (s113) rabbit polyclonal antibody (Zoonbio, 1:1000). The appropriate horseradish peroxidases (HRP)-conjugated secondary antibodies (Beyotime) were subsequently applied, and immunodetection was performed using the enhanced chemiluminescence system (Cool-Imager). p-ATM and γ-H2AX were assessed by examining 80% of the cell population. Images were captured using a Nikon Eclipse 80i microscope (Eclipse 80i, Tokyo, Japan). Immunofluorescence (IF) was performed as described previously [32] . BT549 and MDA-MB-231 cells were cultured on prepared coverslips in hypoxia or normoxia to 70% confluence and then fixed within 4% paraformaldehyde, and incubated overnight with primary p-ATM (s1981) mouse monoclonal antibody (ab19304, Abcam, 1:100) at 4°C. Then the coverslips were incubated with a FITC-labeled goat anti-mouse secondary antibody (ab6785, Abcam, 1:1000) at room temperature (RT) for 1 hour. IF images were captured using a Nikon Eclipse 80i microscope (Eclipse 80i). Images were processed using NIS-Elements D software.
F-actin staining was performed using CytoPainter, Phalloidin-iFluor 594 Reagent (ab176757, Abcam), following the manufacturer's instructions. The cells were incubated with 4% paraformaldehyde at room temperature for 15 minutes, then stained with phalloidin-ifluor reagent (ab176757, Abcam, 1:1000) at RT for 1 hour. Images were captured using a Nikon Eclipse 80i microscope (Eclipse 80i). Quantitation of cortical polymerization of F-actin was performed with Imaris 7.4.0. (Bitplane) as described previously [33] . Intensity plots of signal intensity (y-axis) against distance in 10 μm (x-axis), where each signal peak represents a F-actin.
Cell migration and invasion assay
Cell migration and invasion assays were performed using the 8 µm-pore size of Boyden chambers (Millipore, Darmstadt, Germany) as described previously [34] . Briefly, 2 × 10 4 of BT549 and MDA-MB-231 cells were seeded in a Boyden chamber coated with 1:7.5 diluted Matrigel (356231, Corning BioCoat, Bedford, USA) (for invasion assay) or without (for migration assay). Cells were incubated in hypoxic condition for 12 hours (for invasion assay) or 8 hours (for migration assay), then stained with crystal violet in methanol. The invaded and migrated cells were counted in five randomly selected visible views. Images were captured using a Nikon Eclipse 80i microscope (Eclipse 80i).
In vitro kinase assay 293T cells were transfected with pcDNA3-Flag-ATM or pcDNA3-Flag-Cortactin constructs. The 293T cells transfected with pcDNA3-Flag-Cortactin cultured in normoxia. The 293T cells transfected with pcDNA3-Flag-ATM were treated with or without 5 µM Ku60019 under normoxia or hypoxia condition, respectively. Then, Flag-ATM and Flag-Cortactin were immunopurified from the extracts with Anti-FLAG ® M2 Magnetic Beads (M8823, Sigma) as described previously [35] . Kinase reactions were initiated by incubating purified ATM with purified Cortactin in kinase buffer provided by Amplite TM Universal Fluorimetric Kinase Assay Kit *Red Fluorescence* (AAT Bioquest). After reaction, the produced ADP was measured by Amplite™ Fluorimetric Kinase Assay Kit according to the manufacturer's manuals, using NOVOstar microplate reader (BMG LabTech) at Ex540/Em590 for 30 min and proteins were immunoblotted with the antibodies to cortactin and p-cortactin (s113).
Actin polymerization assay
Effects of cortactin phosphorylation at serine 113 on actin polymerization were assessed using Actin Polymerization Biochem Kits (BK003, Cytoskeleton, Denver, CO) following the manufacturer's instructions. Briefly, BT549 and MDA-MB-231 cells were transfected with Wild-type (WT), S113A and S113D mutant cortactin constructs and cultured in hypoxia for 2 days, cell lysate were collected and centrifuged at 150,000g for 1 hour at 4°C to collect the clear supernatant, respectively. The cell lysates with equal amounts of proteins were immediately added to the final reaction mix containing ATP, pyrene actin (final conc. is 0.4 mg/mL) in actin polymerization buffer. The kinetics of actin polymerization were monitored by fluorescence intensity until the fluorescent signal plateaus using a NOVOstar microplate reader with an excitation filter at 355 nm and an emission filter at 405 nm, and the linear regression analysis was performed using Microsoft Excel.
Quantitative phosphoproteomic analysis and bioinformatics analysis
Quantitative phosphoproteomic analysis and bioinformatics analysis were performed via PTM-BIO Company, and the detailed protocols are available in the supplementary materials and methods. Briefly, the whole experiment consists of the following parts: sample preparation, protein extraction, trypsin digestion, TMT labeling (repeat once), HPLC fractionation, affinity enrichment, LC-MS/MS analysis, database search, bioinformatics analysis. 
Statistical analysis
Statistical analysis was performed using SPSS standard version 17.0. The data were presented as the mean ± SD from at least three independent experiments. ANOVA followed by the student-Newman-Keuls multiple comparisons test was used to compare between multiple groups, and Student's t test was used to compare between two groups. P-value < 0.05 was considered statistically significant.
Results
Oxidized ATM promotes hypoxic breast cancer cell migration and invasion
Hypoxia is a common feature in all solid tumors and is associated with tumor development, malignant progression and metastatic outgrowth. Recently, it was proposed that ATM can be activated by hypoxia (called oxidized ATM), which is independent of DNA double-stranded breaks response manner [19] . To check whether oxidized ATM plays a key role in tumor progress, the immunohistochemistry was applied on normal breast tissue, invasive ductal carcinoma tissues without or with metastasis. We found that the levels of phospho-ATM (s1981) were negative or very low in normal breast tissues. Strong positive staining was gradually increased from invasive ductal carcinoma tissues without metastasis to those with metastasis. However, the levels of phospho-H2AX (s139), a DNA damage biomarker, were negative or very low in all examined tissues ( Fig. 1A and Table 1 ). The levels of p-ATM (s1981) in BT549 and MDA-MB-231 cells were significantly increased following exposure of 1% O 2 (Fig. 1B-1C ), no γ-H2AX was detected (Fig. 1C) , suggesting an activated oxidized ATM in tumor cells. In addition, we observed enhanced migration (Fig. 1D) and invasion ( Fig. 1E ) of hypoxic BT549 and MDA-MB-231 cells in comparison with normoxic cells.
It was previously shown that altered ATM is related with cell migration and invasion [36] . In agreement with this observation, shRNA-mediated ATM knockdown ( Fig. 2A-2B ) suppressed cell migration and invasion in normoxic BT549 cells (Fig. 2C-2D , left upper panel). Similar effects (Fig. 2C-2D , right upper panel) were observed in these cells when inhibition of oxidized ATM using Ku60019 (Fig. 2E) . Most importantly, hypoxia-induced migration and invasion were dramatically suppressed when ATM was knocked down or loss of oxidized ATM activity (Fig. 2C-2D , down panel). The same trend was also observed in other breast cancer cell MDA-MB-231 (data not show). Taken together, these data suggest that oxidized ATM plays a crucial role in promoting migration and invasion of breast cancer cells under hypoxia, which is independent of DNA DSBs.
Oxidized ATM-dependent phosphorylation contributes to the development and progression of breast cancer
Activated ATM can phosphorylate many targets in response to DNA damage or sustaining intracellular redox homeostasis [37] . To understand whether oxidized ATM is involved in activation and function of downstream targets and signaling, phosphoproteome analysis was performed. Under hypoxic condition, cell lysates from Ku60019-treated and non-treated BT549 cells were used in high-resolution LC-MS/MS analysis to identify the phosphorylation proteins of oxidized ATM (Fig. 3A) . Altogether, 3697 phosphosites in 1596 proteins were identified, among which 2321 sites in 1145 proteins were quantified (Fig. 3B  and Supplementary Table 2 ). Quantification ratio more than 1.5 was considered up-regulated and less than 0.67 was considered down-regulated in the analysis of phosphorylated proteins. There were 243 up-regulated phosphorylated sites distributing across 141 proteins, and 249 down-regulated phosphorylated sites distributing across 192 proteins in hypoxic BT549 cells treated with or without Ku60019 (Fig. 3B) . Gene Ontology (GO) and KEGG Pathway analysis revealed that these changed phosphorylated proteins were most likely involved in biological processes associated with cell-cell adhesion, cell proliferation, protein modification and response to cellular stress other than DNA damage stimulus (Fig. 3C) , which may be governed by gap junction, focal adhesion, actin cytoskeleton rearrangement signaling pathways (Fig.  3D ). These data suggest that oxidized ATM-dependent phosphorylation contributes to the development and progression of breast cancer.
ATM phosphorylates cortactin on serine 113
Coractin is one of the most significantly changed phosphorylated protein in our phosphoproteome. Cortactin is a key member of protein involved in cytoskeleton organization and cell mobility [38, 39] , suggesting that cortactin may play a role in oxidized ATM-induced breast cancer cell invasion. LC-MS/MS analysis unraveled that oxidized ATM phosphorylated cortactin on serine 113 (Fig. 4A) , and inhibition of oxidized ATM led to a 60% reduction of cotactin phosphorylation in BT549 (data not shown). Interestingly, serine 113, a typical (S/T)Q site on the cortactin protein, is the classic ATM specific substrate sequence which is highly conserved across human, mouse, rat, zebrafish, and xenopus ( 
4B
). To validate whether oxidized ATM could phosphorylate cortactin at serine 113, we carried out the protein immunoprecipitation with an antibody recognizing cortactin or the ATM/ATR substrate motif p(S/T)Q followed by immunoblotting with antibody against ATM/ ATR substrate motif p(S/T)Q or the phosphorylated cortactin. The phosphorylation levels of cortactin were increased in response to hypoxia and decreased in Ku60019 treatment in both BT549 and MDA-MB-231 cells (Fig. 4C-4D ). To further confirm that oxidized ATM has the ability to phosphorylate cortactin on serine 113, in vitro ATM kinase assay was performed. Oxidized ATM phosphorylated cortactin at serine 113 under hypoxia, and this phosphorylation could be attenuated by Ku60019 (Fig. 4E-4F) , supporting a critical role of oxidized ATM in regulating cortactin phosphorylation in hypoxic breast cancer cells.
ATM-mediated cortactin phosphorylation enhances breast cancer cell migration and invasion
To evaluate the role of cortactin in breast cancer cell migration and invasion, a lentiviral vector encoding a shRNA specifically against cortactin was infected into BT549 and MDA-MB-231 cells. Efficient knockdown of cortactin (Fig. 5A -5B) resulted in decreased cell migration and invasion in BT549 and MDA-MB-231 cells (Fig. 5C-5D ). To further understand whether oxidized ATM-mediated cortactin phosphorylation at serine 113 plays a critical role in cancer cell migration and invasion, we used the specifically developed anti-phosphocortactin S113 antibody (p-CTTN S113) to determine the levels of phosphorylated cortactin. As expected, the phosphorylation levels of cortactin at serine 113 were dramatically decreased when knockdown of ATM or inhibition of oxidized ATM kinase activity (Fig. 6A) , suggesting that oxidized ATM is required for cortactin phosphorylation at serine 113. In line with these findings, cortactin, S113A (a hypo-phosphorylated cortactin mutant), S113D (a hyperphosphorylated cortactin mutant) as well as WT cortactin were transfected into hypoxic BT549 and MDA-MB-231 cells (Fig. 6B) . The obvious changes of migration and invasion potentials of BT549 and MDA-MB-231 cells (Fig. 6C-6D ) were detected. In comparison with the parental cells, overexpression of WT cortactin endowed the BT549 and MDA-MB-231 cells with enhanced migration and invasion abilities in the presence of hypoxia. However, the S113A mutant cortactin led to a decreased potential of these breast cancer cells in migration and invasion compared with WT cortactin, and the S113D mutant cortactin counteracted these effects. Moreover, inhibiting oxidized ATM by Ku60019 resulted in reduced cancer cell migration and invasion, which can be rescued by ectopic expression of cortactin S113D mutant (Fig. 6C-6D, right panel) . These data demonstrate that oxidized ATM-mediated phosphorylation of cortactin is essential for gaining the migration and invasion abilities of hypoxic breast cancer cells.
Oxidized ATM-mediated cortactin phosphorylation modulates actin polymerization
We then sought to elucidate molecular mechanisms of oxidized ATM-mediated cortactin phosphorylation in promoting hypoxic breast cancer cell migration and invasion. Previous studies have reported that cortactin can co-localize with Arp2/3 complex to promote nucleation of actin filaments [40, 41] . To test whether oxidized ATM-mediated phosphorylated cortactin modulates the interaction of cortactin-Arp2/3 complex, co-immunoprecipitation assay was employed, which showed cortactin in the Arp2/3 immunocomplex under hypoxia (Fig 7A-7B) . Importantly, cortactin-Arp2/3 interaction was significantly decreased under inhibition of oxidized ATM kinase activity by Ku60019 in either BT549 (Fig. 7A) or MDA-MB-231 cells (Fig. 7B) . To further assess whether phosphorylated cortactin at serine 113 mediates actin polymerization, we detected polymerization of actin in BT549 and MDA-MB-231 cells with ectopic wild type cortactin (WT) or mutant cortactin (S113A, S113D), and the cells with shATM or treated with or without Ku60019, respectively. Inhibition of oxidized ATM kinase activity or knockdown of ATM expression, as well as overexpression of cortactin S113A mutant in BT549 and MDA-MB-231 cells attenuated F-actin formation (Fig.  7C-7D ). However, ectopic S113D mutant cortactin enhanced F-actin formation compared with WT control (Fig. 7C-7D) . We then performed in vitro actin polymerization assay, which Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry Invasion
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Vector WT S113A S113D showed that S113D mutant and WT cortactin notably increased G-actin polymerization, whereas S113A mutant attenuated G-actin polymerization (Fig. 7E-7F ). Collectively, our data demonstrate that Arp2/3 complex, in association with phosphorylated cortactin, can modulate actin polymerization, which consequently promotes breast cancer cell migration and invasion. 
Discussion
ATM, the protein kinase mutated in the rare human disease ataxia telangiectasia (A-T), has been classically considered to be a tumor suppressor gene. In this study, we have characterized a tumor promoting activity for DNA damage-independent ATM (oxidized ATM). We showed that oxidized ATM is hyperactive in the invasive breast cancer tissues and under hypoxic conditions. We further demonstrated that the knockdown of ATM or inhibition of oxidized ATM activation correlates very well with attenuated breast cancer cells migration and invasion abilities. At the molecular level, we are the first to identify that the activation of oxidized ATM by hypoxia can phosphorylate cortactin at Serine 113 site, and the phosphorylated cortactin binding with Arp2/3 complex mediates actin polymerization to promote breast cancer cells migration and invasion (Fig. 7G) .
ATM kinase is a major protector of genomic stability, which is attributable to its key role in DNA damage response (DDR) caused by double-stranded breaks [11] . However, other recent research suggested that ATM is also involved in many other cancer signaling pathways other than DNA damage response, which relates to chemoresistance, radioresistance, metastasis, cell growth and proliferation. Chemoresistance may be caused by DNA damage-independent ATM signaling via overexpression of HMGA proteins [42] . Oxidized ATM signaling, supports breast tumor metastasis through the regulation of IL-8 [36] . Oxidized ATM can also activate AKT to promote cell growth and proliferation in breast cancer associated fibroblasts [12] . In the study, we showed that oxidized ATM is aberrantly high in expression in breast cancer tissues with lymph-node metastasis (Fig. 1) . And we also found that the activity and expression of oxidized ATM are essential for breast cancer cell migration and invasion (Fig.  2) . Thus, we guessed that oxidized ATM may play a dual function in cancer, depending on the specific context.
The canonical mode demonstrated that the activated ATM, which is generally activated by the Mre11-Rad50-NBS1 (MRN) complex from DSBs, can phosphorylate more than 700 substrates that are involved in many of the signaling pathways to govern gene expression, cell cycle and DNA repairs [11] . Here, we found that oxidized ATM can be activated by hypoxia in the absence of DNA damage, which is consistent with the findings by Possik PA et al. [43] . In this study, we identified a set of oxidized ATM-associated phosphorylated proteins including cortactin, by employing a specific inhibitor of oxidized ATM kinase activity, Ku60019, to administer breast cancer cell BT549 under hypoxia. Bioinformatic analysis of the quantitative phosphoproteome data revealed that actin cytoskeleton organization-associated signaling is a major pathway regulated by hypoxia-activated oxidized ATM.
The functional cortactin in cell migration and invasion is regulated by phosphorylation. In some cases, the phosphorylation of cortactin by serine/threonine kinase, extracellular regulated kinase 1/2 (ERK1/2) and p21 activated kinase 1 (PAK1), has been shown to increase N-WASP binding to cortactin [25, 26] . In other cases, AMP-activated protein kinase (AMPK) phosphorylating cortactin modulates the interaction of cortactin and cortical-actin [44] . In this study, we demonstrated that hypoxia-activated oxidized ATM phosphorylates cortactin at serine 113 site increasing its binding affinity with Arp2/3 complex, thus enhancing actin polymerization and promoting breast cancer cell migration and invasion.
Conclusion
In conclusion, ATM can be activated under hypoxia independent of DNA DSBs. Hypoxiaactivated oxidized ATM, phosphorylates cortactin, which is, therefore, involved in actin cytoskeleton organization and actin polymerization to play an essential role in breast cancer cell migration and invasion. Our study provides a novel insight into ATM functions in tumor development. And these findings suggest that oxidized ATM and its target proteins may be a potential therapeutic target for tumor metastasis.
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